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To better understand the effect of repeated reverse stress in solder joints, a 
new testing method was developed. Tin-silver solder joints were fabricated, 
constrained between Cu blocks, and then subjected to repeated shear loading 
in a tensile tester. Constant strain amplitudes were applied to simulate service 
conditions. However, large loads were used to accelerate the damage accumu­
lation. Microstructural features of the damage were very similar to those 
found with studies on thermomechanical fatigue (TMF) of small, single shear 
lap samples. Concentrated-shear banding or striations were observed to form 
along Sn dendrites. The load behavior of the solder with each cycle and during 
hold times at the extreme strain amplitude was consistent with damage accu­
mulating with each successive cycle. Effects of strain amplitude, hold times at 
the stress extremes, number of cycles, and solder-joint thickness were found to 
play signiﬁcant roles on the stress-strain behavior and surface damage. 
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INTRODUCTION 
Solder joints encounter repeated reversed stress­
ing during their service. Such an encounter is not 
only due to traditional mechanical loading, such as 
that caused by engine vibrations or sudden impact 
in automotive and aerospace applications, but also 
due to thermal ﬂuctuations.1 However, in the seden­
tary ofﬁce computer type of applications, the latter 
seems to be the predominant cause of solder-joint 
failures. During service, several phenomena that 
take place in the solder affect the joint’s reliability. 
Some of these factors are aging,2–6 microstructure 
evolution,7 creep8–11 and stress relaxation,12 and de­
formation under reversed-stress states (because of 
the coefﬁcient of thermal expansion (CTE) mis­
matches between the solder and substrates during 
thermal excursions, or mechanical vibrations and 
impact loading).13 
Although the reliability of the solder joint is inﬂu­
enced by virtually all these phenomena, the relative 
importance of each of these factors and their inﬂuence 
the true inﬂuence of each of these phenomena sepa­
rately.14,15 As a result, most of the fundamental stud­
ies are carried out with solder joints with simple 
geometries.8,9 There have been focused studies on 
lead-free, Sn-based solders to understand individ­
ual phenomenon, such as aging,2,3,4,6,16 low- and high-
temperature creep,17–20 stress relaxation,12 micro­
structural evolution,13 surface-damage accumulation 
caused by thermomechanical fatigue (TMF),21,22 and 
residual-mechanical properties after TMF.23 
The main purpose of this study is to evaluate the 
behavior of eutectic Sn-Ag solder joints under 
isothermal-reversed stressing in conjunction with 
stress relaxation at the stress extremes. The stress-
strain behavior and surface-damage accumulation 
in eutectic Sn-Ag solder joints are investigated. 
While addressing only one part of a much larger and 
complicated scenario, the results from this study 
will assist in the overall understanding of solder 
joints. 
EXPERIMENTAL PROCEDURES 
Although actual solder joints experience stress re­
versals during service, their conﬁgurations are not 
suitable for imposing stress reversals by external 
means. To alleviate this problem, a large solder sam­
on each other is not clearly understood. Accelerated 
tests with actual solder joints containing the attached 
components do not provide any means to understand 
ple geometry was designed and is pictured in Fig. 1. 
Three Cu blocks, 3/8 in. � 3/8 in. � 1 in., were at­
tached together by two symmetrical Sn-Ag solder 
joints in a Y-like conﬁguration. Predrilled holes in 
the Cu blocks allowed the entire specimen to be 
loaded into the Instron tensile tester, as depicted in 
Fig. 2. Samples were loaded in tension, and subse­
quently, the solder joints experienced pure shear 
states. In addition, this particular sample geometry 
and test setup allowed easy reversal of the shear 
stress (by using compression mode) without unload­
ing the sample. Previous studies24 required the sam­
ple to be completely unloaded, removed, and ﬂipped 
over to apply reverse shear. In realistic service con­
ditions, the solder would be prevented from fully re­
laxing to a zero load before being subjected to re­
versed shear.12 Thus, this new test setup allows the 
study of damage accumulation and mechanical be­
havior of constrained solder joints under isothermal, 
repeated reverse stressing along with stress relax­
ation at extreme strains. 
Fig. 1. Sample geometry for repeated reverse shear experiments. 
Fig. 2. Constrained solder samples loaded in an Instron tester for 
cycling between minimum and maximum shear-strain amplitudes. 
The samples were prepared in similar fashion to 
small, single shear lap samples used in TMF stud­
ies.22 Copper blocks were polished, cleaned with 
HNO3, and washed with methanol. Steel pins were 
placed through the predrilled holes to align the Cu 
pieces during joining. Eutectic Sn-Ag solder paste 
was then applied to designated 3/8 in. � 3/8 in. 
areas on the Cu. The amount of solder used con­
trolled the thickness of the solder joint, and the two 
sides of solder in the sample were made to be of the 
same thickness as close as possible. A range of thick­
ness (300–900 �m) was employed to study the effect 
of joint thickness on the mechanical behavior of the 
solder joints. Steel blocks were also used to help 
align the Cu blocks and to restrict movement during 
the joining operation. The entire assembly sat on an 
aluminum plate and was heated until melting of the 
solder occurred (roughly after 10 min). The plate 
was then transferred to a larger aluminum block for 
cooling to room temperature (for 15 min). The solder 
joints were then polished for microstructural evalu­
ation. 
The test specimens were tested in shear at room 
temperature with an Instron tensile tester at a dis­
placement rate of 0.5 mm/min. The samples were 
ﬁrst loaded in tension to a predetermined strain to 
avoid any mechanical slack during testing. Different 
hold times at the extreme strains were employed 
(for stress-relaxation studies) before applying shear 
in the reverse direction by using the compression 
mode of the tester. Thus, cycling between a maxi­
mum shear strain and minimum shear strain was 
performed (Fig. 3). Load-displacement data was col­
lected during the stressing of the samples, while 
load-time data was obtained during hold times at 
strain extremes. 
To gauge any machine effects that may be in­
curred with these studies, preliminary tests were 
performed on a solid Cu sample of the same geome­
try but without any solder joints. An initial drop in 
load at the maximum strain (in tension mode) of 
�10 N was consistently found within the ﬁrst 5 sec, 
despite the actual load value. During the hold time 
(or stress-relaxation mode), the load was very 
steady after 5 sec. On the other hand, hold times in 
compression mode (or at the minimum strain) was 
found to always result in a very small increase in 
load, again despite the actual load value. Thus, 
stress-relaxation studies were delegated to hold 
times at the maximum strain amplitude only (i.e., 
Fig. 3. Displacement control was used to achieve reverse shear by 
cycling between minimum and maximum shear-strain amplitudes 
without removal of samples. 
tension mode). Any changes greater than 10 N in the 
load during hold times or in the peak load after cy­
cling could be attributed to the solder material. 
Microstructures of the solder joints were analyzed 
with light microscopy and scanning electron micro­
scopy (SEM). The progression of damage accumula­
tion was documented on a few samples by unloading 
after some cycles, recording the microstructure, and 
then repeating the steps after more loading cycles. 
Earlier studies25 concluded that the solder micro­
structure did not change over a few days time after 
being unloaded for analysis. 
RESULTS AND DISCUSSION 
Microstructures: Damage Accumulation 
Because of the large shear-strain amplitudes ap­
plied to the samples, damage quickly accumulated 
after a few cycles, in contrast to the thousands of cy­
cles experienced by the TMF samples with similar 
damage features. Figure 4 depicts periodic stria­
tions that arose after 20 cycles (with a maximum 
strain amplitude of 0.75). The striations appear at a 
speciﬁc angle to the interface, and two sets of paral­
lel striations occurred in this particular sample, 
shown in Fig. 4. Typically, the samples had only one 
set of striations within a solder joint. The striations 
are regularly spaced at roughly 20 �m. 
Upon closer examination (Fig. 5), the striations 
appeared to form along the Sn-rich dendrites. The 
SEM (Fig. 6) deﬁnitively shows the striations be­
tween the interdendritic regions with Ag3Sn parti­
cles. The pattern is very similar to results from eu­
tectic solder-fatigue studies with cantilever bend­
ing.1 Striations were reported to be decorated with 
Ag3Sn particles. The striations seem to develop as 
localized banding because of repeated shearing cy­
cles. Thus, the microstructure appears to play a sig­
niﬁcant role in the damage accumulation and me­
chanical behavior of the Sn-Ag solder joints. 
Because of the heat ﬂow during the solidiﬁcation 
portion of the joining process, long Sn-rich dendrites 
form across the thickness of the joint. The primary 
dendrites are parallel and regularly spaced roughly 
20 �m apart throughout most of the solder joint. The 
dendrites often make an angle to the interface. Sec­
ondary dendrite arms are apparent and are sur­
rounded by tiny Ag3Sn particles. 
A sample that experienced 20 cycles of 0.75 strain 
was carefully polished to reveal the underlying mi­
crostructure and indeed shows dendrites under­
neath the striation and banding, as shown in Fig. 7. 
Given the extreme shear strain applied to the solder 
material, deformation of the Sn-rich phases is to be 
expected. The yield stress of pure Sn is 11 MPa, and 
the long, connected regions of Sn allow the damage 
to be localized along the dendrite arms. In TMF 
samples, damage occurs by grain-boundary decohe­
sion and sliding between Sn grains.12,22 
A different sample of similar thickness was tested 
under similar strain amplitudes but was unloaded 
Fig. 4. Parallel striations formed in eutectic Sn-Ag solder of 712-�m 
thickness after 20 cycles to a maximum strain amplitude of 0.75 
(and load �3.5 kN). 
and analyzed after 1 cycle, 4 cycles, and 15 cycles. 
The initiation and progression of damage can be ob­
served in Fig. 8. Damage is accumulated with suc­
cessive cycles of reverse shearing. After the ﬁrst 
cycle, the striations appear along some of the Sn 
dendrites near the interface. More striations appear 
with successive cycles throughout the sample. In ad­
dition, existing striations deepen and grow with re­
peated cycles. After large numbers of cycles or large 
applied strains, the accumulated damage can be se­
vere enough to obscure the periodic striations and 
can resemble large shear bands that have been doc­
umented in other studies.1,22 
However, large enough loads had to be encoun­
tered to produce visible damage in the solder joints. 
Samples that were subjected to roughly 2.5 kN or 
more displayed the characteristic striations visible 
by light microscopy (Table I). Taking into considera­
tion the two solder areas, the threshold load repre­
sents a stress level of 13.7 MPa, which is greater 
than the yield stress of pure Sn. The load value was 
found to be the most deﬁning parameter to show 
damage. Joint thickness and strain amplitude were 
Fig. 5. Striations in the same directions and spacings as Sn den­
drites of the eutectic solders of sample in Fig. 4. 
Fig. 6. SEM image of striations along Sn dendrites and between 
Ag3Sn particles. 
Fig. 7. The 712-�m sample (Fig. 4) polished down to reveal the un­
derlying microstructure of the Sn dendrites along the concentrated 
shear banding or striations. 
pertinent factors only in that they affected the 
amount of load applied to the samples. 
In TMF samples, the damage is primarily shear 
banding and grain-boundary sliding/decohesion. 
The strain per cycle is much smaller, about 0.002. 
However, damage starts to appear within 100 TMF 
cycles of thermal excursions between 15°C and 
150°C. If strain per thermal cycles accumulates in 
an additive fashion, 100 TMF cycles will result in a 
strain of 0.2. The TMF results in surface damage at 
low shear-strain values caused by high single-crys­
tal anisotropy of Sn grains in regards to the CTE 
and Young’s modulus and caused by the existence of 
high-temperature effects associated with the TMF 
cycles. While the damage from TMF appears on the 
surface of the solder samples, the isothermal me­
chanical stress reversals seem to accommodate de­
formation within the joint body, as well as on the 
free surfaces. 
Although the samples (and, thus, their mi­
crostructures) used in this study are much larger 
than those of realistic joints, the identiﬁed mi­
Fig. 8. Solder joint of 700-�m thickness subjected to 3.0 kN or 0.7 strain after (a) 1 cycle, (b) 4 cycles, and (c) 15 cycles. Striations along Sn 
dendrites become more intense with additional cycles of reverse shearing. 
Table I. The Applied Strain Amplitude, Maximum Load, Hold Time at �max, Number of Cycles, and 
Observation of Surface Damage for Samples Used in This Study 
Sample Thickness Strain Maximum Load (kN) Hold Time (min) Cycles Damage? 
331 �m 0.75 1.37 0.5 15 no 
309 �m 1.0 1.59 0.3 4 no 
333 �m 1.5 3.09 0.5 5 yes 
389 �m 1.5 4.3 5 7 yes 
460 �m 0.5 1.0 5 8 no 
455 �m 0.75 1.60 14 h 1 no 
509 �m 0.75 1.97 1 20 no 
508 �m 0.75 2.37 5 15 some 
500 �m 1.0 3.6 5 15 yes 
700 �m 0.70 3.04 0.5 1 little 
712 �m 0.75 3.5 5 20 yes 
979 �m 0.5 3.2 5 15 yes 
934 �m 0.75 4.5 0.5 10 yes 
crostructural effect on solder damage can help with 
the development of joining techniques to achieve 
better properties. Isolation of the Sn grains would 
avoid the concentrated banding or striations and 
may result in longer fatigue life. Modiﬁcation of the 
microstructure through rapid solidiﬁcation or fabri­
cation of composite structures may also yield better 
properties. 
Reverse-Shear Mechanical Behavior 
Results from current tests correlate well with the 
proposed mechanisms for damage accumulation. 
During the stress-relaxation portion of the tests, the 
stress drops as a function of time, while strain (or 
displacement) is held constant (Fig. 9). The magni­
tude of these load drops is consistently the largest 
for the very ﬁrst cycle. Given a high enough load, 
striations form, and crack initiation occurs with the 
ﬁrst cycle (Table I). 
The magnitude of load (or stress) drops during 
hold times at maximum strain decreases with suc­
cessive cycles and eventually appears to have the 
same decrease in load per cycle (Fig. 9). In addition, 
the peak load of the next cycle decreases with suc­
cessive cycles. Damage accumulates with the cycling 
between strain amplitudes, and the solder cannot 
withstand as much load as before. After several cy­
cles, stress relaxation slows down dramatically. 
Fig. 9. Stress versus time plot of repeated, reverse shear tests for 5 
cycles. Loading, holding at maximum strain amplitude (i.e., stress 
relaxation), and unloading portions of tests are shown. 
The effect of hold times at the maximum strain 
amplitude was also investigated. One sample was 
loaded to �1.6 kN for a strain of 0.75 and held for 
roughly 12 h. Figure 10 shows that the load ap­
proaches approximately 95% of the original peak 
load after roughly 5 h and reveals that full relax­
ation (to zero load) never occurs within the time 
frame of the experiment. Physical constraints im­
posed upon the solder joints result in a behavior sig­
niﬁcantly different from that of bulk-solder samples. 
A different sample (of similar thickness) was held 
at a maximum strain amplitude of 0.75 (and �1.96 
kN) for only 1 min but was cycled 20 times (Fig. 11). 
(The plot displays only the stress-relaxation data 
and does not show the loading or reverse loading 
portions.) The load also drops rapidly at the begin­
ning of the stress-relaxation period. The peak load 
for the next cycle is much lower, but it reaches the 
load experienced at the end of the ﬁrst hold period. 
Each following cycle has a lower peak load and 
shows smaller load-drop magnitudes per cycle than 
the ﬁrst cycle. The load drops to about 97% of the 
original peak load after about 6 cycles (or 10 min of 
testing), and the load drop per cycle at later stages 
are relatively small. 
Comparison of Figs. 10 and 11 clearly shows that 
Fig. 11. Stress relaxation data for 20 cycles for the 509-�m sample 
cycled to 0.75 strain and held for 1 min. 
stress relaxation decreases much more rapidly (10 
min versus 5 h) with cycling. Each application of re­
versed stress contributes to microstructural dam­
age, and therefore, the decrease in load is achieved 
sooner than a single cycle with long hold times. Fur­
ther analysis of the effect of reverse stress on the 
stress-relaxation behavior is presented later in this 
paper. 
The samples in Fig. 12 had a hold time of 5 min at 
the maximum strain amplitude. These samples expe­
rienced signiﬁcantly higher loads and displayed load 
drops to roughly 75% of the original load after 15–20 
cycles. The plots also suggest that the loads will con­
tinue to decrease upon further cycling. The large 
loads applied to these samples also resulted in visible 
damage on the surface of the solders (Table I). Signif­
icant stress relaxation (or drops in the load during 
holds at the maximum strain) can be correlated with 
large applied loads and substantial surface damage. 
During the stress-relaxation period, the solder mi­
crostructure may be readjusting to handle the im­
posed load. Microcracks or fracture would result in a 
decrease in load-bearing ability and would account 
for the decrease in load per cycle for a constant 
strain amplitude. 
Fig. 10. Stabilization in the load during a 14-h stress relaxation test 
at 0.75 strain amplitude for 455-�m sample. 
Fig. 12. Large load drops during stress relaxation (5 min) and be­
tween cycles for samples that experience large applied loads. No 
plateau in load is achieved after 15–20 cycles. 
The mechanical behavior of the solders appears to 
be most affected by the imposed load, rather than the 
joint thickness or applied strain amplitude. Figure 
13 plots the peak load per cycle for several samples 
of different joint thickness and of different strain 
amplitudes. When comparing samples of the same 
strain amplitudes, the thicker joint samples experi­
enced larger load drops during hold times and be­
tween cycles. However, to achieve the same strain 
amplitudes, larger applied loads were required for 
the thicker joints. Likewise, samples of similar thick­
ness values with different applied strain amplitudes 
were subjected to different loads. The larger applied 
strain (and, thus, load required) resulted in larger 
load drops during hold times and between cycles. 
The signiﬁcance of the effect of the load on solders 
may still have to be related to the strain amplitude 
(or changes in temperature) of the particular appli­
cation. In realistic settings, the load is not really 
controlled but perhaps can be adjusted through the 
joint thickness or size. 
To obtain a better understanding of the processes 
involved during repeated reverse straining, stress-
strain plots were obtained for each straining cycle. 
These plots are provided in Figs. 14-16. These plots 
Fig. 13. The peak load per cycle for several samples. Samples that 
experience large loads show the largest load drops per cycle. 
Fig. 14. Various loading and unloading cycles for the 500-�m sam­
ple tested to 1.0 strain. The stress decreases with successive cy­
cles. The stress drop during the hold time at the maximum strain is 
the largest for the ﬁrst cycle. 
Fig. 15. Stress-strain curves for the ﬁrst cycle for samples of similar 
joint thickness at different strain amplitudes. Larger strain ampli­
tudes require large stresses. 
Fig. 16. Stress-strain curve of the 15th cycle for samples of similar 
joint thickness at different strain amplitudes. The sample with larger 
strain amplitude has decreased its load bearing ability. 
incorporate the change in stress under constant 
strain that occurs during relaxation (i.e., hold times) 
at the maximum strain portion of the cycle. No at­
tempts were made to incorporate the relaxation 
data at the low strain extreme. Figure 14 compares 
the loading and unloading portions as a function of 
number of cycles. With an increasing number of cy­
cles, the difference between the loading and unload­
ing curves tends to decrease and ultimately disap­
pears after several cycles. The same trend is 
consistent with Figs. 9 and 11. 
Figure 15 illustrates the stress-strain behavior of 
two specimens with solder-joint thickness about 500 
�m for 0.75 and 1 shear-strain amplitudes during 
the ﬁrst cycle. As anticipated, the higher strain am­
plitude warranted higher stress. The important fea­
ture is that the specimen that experiences the 
higher strain amplitude also shows more signiﬁcant 
difference between the loading and unloading parts 
as compared to the one that experiences lower 
strain amplitude. Figure 16 compares the stress-
strain plots for the 15th loading cycle for 0.75 and 1 
shear amplitudes for the same two specimens in Fig. 
15. Interestingly, the specimen that undergoes lower 
strain amplitude per cycle requires higher stress for 
the same strain as compared to that for a specimen 
that undergoes larger strain amplitude per cycle. 
These plots tend to suggest that during the early 
parts of repeated reverse straining, microcracks de­
velop. The number of cracks increase with further 
cycling but do not connect together to cause failure. 
Such events will decrease the maximum load experi­
enced during successive cycles. Also the energy ab­
sorbed during successive cycles will tend to decrease 
because less and less number of cracks will be 
needed to accommodate the strain. Crack opening 
and closing can accommodate the imposed strain. 
Such a scenario may also explain the residual 
strength of TMF solder joints, where a signiﬁcant 
decrease in strength occurs during the ﬁrst few hun­
dred cycles. It appears that crack propagation, 
which requires the joining of these microcracks, may 
be the controlling mechanism of failure in these 
cases. 
To relate results from this study with the creep 
behavior of other Sn-Ag eutectic solders,12,17 analy­
sis of the load drops associated with the reverse 
stressing was carried out with conventional stress 
relaxation using Eq. 1:12 
�˙ � A�n exp (�Q/kT) (1) 
where �˙ is the shear-strain rate, A is the pre-expo­
nential constant, � is the shear stress, n is the stress 
exponent, Q is the activation energy, k is the Boltz­
mann’s constant, and T is the absolute temperature. 
The shear-strain rate is related to the change in 
load per unit time (P˙ ) via 
˙�P
�˙ � (2)
Kh 
where K is the combined stiffness of the machine 
and the specimen, and h is the thickness of the sol­
der joint.12 
Figure 17 displays the shear-strain rate versus 
the shear stress on a log-log scale. Stress relaxation 
occurs during the hold times of successive cycles and 
is represented by the open data points. In addition, 
data from a sample experiencing uninterrupted 
stress relaxation and from a single shear lap creep 
specimen are plotted in the same ﬁgure. Larger ap­
plied stresses result in more stress relaxation, as 
shown in Eq. 1. Similarly, larger load drops were as­
sociated with larger applied loads (Fig. 13). The rate 
of stress relaxation decreases signiﬁcantly as the 
stress drops. 
The stress exponents for several samples under re­
peated loading fall within the range of 9.2–12.2 and 
are comparable to the value (n � 13.7) obtained for 
the same solder under standard stress-relaxation 
conditions (i.e., single cycle and long hold time). Fur­
thermore, these stress exponent values are very 
close to values quoted in the literature for the same 
solder.12,17 The data for the single shear lap creep 
specimen in Fig. 17 gives a stress exponent of 11. 
While the stress exponents are very similar, the 
actual strain-rate values differ dramatically for the 
samples under repeated loading conditions. For the 
same stress, signiﬁcantly higher strain rates are ex-
Fig. 17. Steady-state strain rate versus stress of Sn-Ag eutectic sol­
der joints during relaxation for cycled (reverse sheared) samples, a 
single-cycle-long hold sample, and a single shear lap creep speci­
men. The stress exponent values all fall within the range of 9.2– 
13.7; however, the strain rate values for a particular stress are much 
higher for the reversed sheared samples. 
perienced when the samples are subjected to cycling 
under large loads. This result may be attributed to 
the accelerated damage accumulation that takes 
place under repeated reverse stressing. 
CONCLUSIONS 
A new testing method was developed to study the 
effects of reverse shear on Sn-Ag eutectic solders 
under constrained conditions. When cycled between 
a maximum- and minimum-strain amplitude, sam­
ples were subjected to reversed shear-stress states. 
Damage accumulation on the surface correlated 
with the observed mechanical behavior. The follow­
ing observations were made. 
• Upon loading, striations and deformation band­
ings occurred along the Sn dendrites. Contin­
ued cycling of reverse shearing resulted in addi­
tional damage accumulation with the striations 
becoming more intense. 
• A threshold in load (�2.5 kN) was needed for 
any visible damage on the surface of the solder 
samples. The load-threshold value relates very 
closely to the yield stress of Sn. 
• Hold times at the maximum strain amplitude 
(i.e., stress-relaxation studies) showed that full 
relaxation to zero load is not achieved with the 
constrained samples that contained two 3/8 in. 
� 3/8 in. � 1 in. soldered areas. Stress relax­
ation decreases with each successive cycle. 
• For a constant applied strain amplitude, the 
maximum load (and stress) decreases with each 
successive cycle. Microcracks may be develop­
ing during the repeated reverse shear. 
• Stress exponent values obtained from log �˙ ver­
sus log � plots during stress-relaxation seg­
ments under repeated reverse stressing were 
comparable to those obtained during stress re­
laxation after monotonic loading and creep ex­
periments. However, the strain-rate values for a 
particular stress were much higher for the re­
verse stressed samples. 
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